Analysis of ethyl 3-(2-chlorophenyl)propenoate by electron ionization mass spectrometry showed the distinct loss of an ortho chlorine. To characterize the structural requisites for the observed mass fragmentation, a series of 30 halogen-substituted 3-phenylpropenoate-related structures were examined. All ester-containing alkene derivatives exhibited loss of the distinctive chlorine from the 2-position of the phenyl ring. Analogous derivatives with the halogen (chlorine or bromine) in the para position did not evidence selective halogen loss. Results demonstrated that substituted 3-phenylpropenoates and their analogs fragment via the formation of a previously reported benzopyrylium intermediate. To understand the correlation between the intramolecular radical substitution and the abundance and selectivity of the chlorine (or other halogen) displacement, density functional theory calculations were performed to determine the charge on the principal cation involved in the chlorine loss (in the ortho, meta, and para positions), the charge for the neutral radical (noncation), the excess alpha-electron density on the relevant atom and the energy to form the cation from the neutral atom (ionization energy). Results showed that the selectivity and extent of halogen displacement correlated highly to the electrophilicity of the radical cation as well as the neutral radical. These data further support the proposed fragmentation mechanism involving intramolecular radical elimination.
INTRODUCTION
Our laboratory reported the synthesis of haptens for the detection of polyhalogenated dibenzodioxins by enzymelinked immunosorbent assay (ELISA). 1 This ELISA has been successfully used in the analysis of these contaminants in a variety of environmental matrices. 2 -6 In the process of designing the ELISA, a series of dioxin analogs containing a rigid propenoic acid side chain were synthesized for coupling the hapten to immunizing proteins. During the electron ionization (EI) mass spectral (MS) characterization of these haptens and the synthetic intermediates used to prepare the haptens, an interesting fragmentation was observed for molecules structurally related to ethyl 3-(2-chlorophenyl)propenoate. Examination revealed that a significant loss of chlorine occurred from the molecular ion (m/z 384) of ethyl trans-3- (3,7,8- trichlorodibenzo-pdioxin-2-yl)propenoate, giving a fragment of m/z 349. A literature search showed that this type of fragmentation pattern had been previously reported for˛,ˇ-unsaturated esters of propenoic acids and nitriles, 7 cinnamic acids 8 and -phenylcinnamic acids. 9 The fragmentation occurred via a substituted benzopyrylium intermediate, whose relative abundance depended upon the position of halogen substitution on the phenyl ring. In particular, Williams et al. reported that the ortho-isomer of chlorine-substituted diethyl benzalmalonate exhibited a relatively abundant ([M] žC Cl) because of chlorine loss, whereas the meta-and para-isomers did not. 7 These data strongly suggested that the orthoisomer underwent a facile chlorine radical elimination via cyclization similar to that reported by Ronayne et al. 10 In addition, Schaldach and Grützmacher reported that m-and p-chlorocinnamic acids were capable of undergoing the same chlorine elimination process as the ortho analog. 8 Therefore, to further investigate this mass spectral fragmentation process, a series of ethyl and methyl trans-3- (3,7,8- trichlorodibenzo-p-dioxin-2-yl)propenoate-related analogs were prepared and subjected to EI-MS analysis. We analyzed three dibenzodioxin structures related to ethyl trans-3-(3,7,8-trichlorodibenzo-p-dioxin-2-yl)propenoate and 26 3-(substituted phenyl)propenoate-related compounds. This series of 3-phenylpropenoate-related structures shown in Fig. 1 was rationally designed to explore the steric and electronic effects on this EI-MS fragmentation. Earlier studies focused solely on substituted esters or nitriles and maintained the olefin linkage. 7 Follow-up studies expanded this motif in cinnamic acids, but again maintained the olefin and did not vary the acid or linker/spacer moiety. 8, 9 We subsequently expounded upon this theme and synthesized analogs incorporating a variety of linkers between the phenyl ring and ester, including alkane (with one or two carbon atoms), alkene, substituted alkene, and alkyne moieties. We were particularly interested in the mechanism responsible for the observed fragmentation patterns and therefore replaced the ester functionality with a nitrile, primary alcohol, or a methyl ketone. These distinct and varied chemical moieties were examined for their ability to affect the selective loss of a halogen from the ortho position versus meta or para. Taken together, these groups expand upon the previous work and extend the studied moiety to probe the effects of a number of functional groups that could potentially displace the halogen from the phenyl ring. On the basis of these results, we demonstrated that a variety of substituents are effective at selectively displacing the ortho chlorine and that the fragmentation occurs via an intramolecular radical substitution to form a benzopyrylium intermediate similar to that observed in previous studies.
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EXPERIMENTAL
Materials
All the chemicals were purchased from Aldrich Chemical Co. (Milwaukee, WI) unless otherwise noted and were used without further purification. A summary of the synthetic methods is shown in Table 1 . Further synthetic details are provided in the original papers.
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Mass spectral analysis
Samples were analyzed on a HP 6890 GC (Agilent Technologies; Palo Alto, CA) equipped with 30-m DB-17MS column (J&W Scientific; Folsom, CA), 0.25-mm internal diameter, 0.25-µm film thickness and He carrier gas at a flow rate of 0.8 ml/min. The injector temperature was 250°C and the initial column temperature was 50°C and was held for 5.00 min and then ramped at 15°C/min to 320°C and held for 2.00 min. The GC was interfaced with a HP 5973 MS that was run in full-scan mode from 50 to 550 m/z with a 
Density functional theory calculations
The molecular structure of all compounds studied were optimized using density functional theory (DFT) with the Becke 3-parameter hybrid exchange functional 12 and the Lee-Yang-Parr (LYP) gradient corrected electron correlation functional 13 (B3LYP) using a 6-31G Ł basis set. The B3LYP functional set has been widely demonstrated to yield accurate chemical structures and reaction energies when used with sufficient basis sets for most molecules.
14 The atomic charges were calculated from the B3LYP/6-31G
Ł wave function at the B3LYP/6-31G Ł optimized geometries using natural atomic population analysis (NPA), 15 a method that yields atomic charges that validate many qualitative chemical concepts and is much more independent of molecular conformation and basis set than other methods such as Mulliken populations. These atomic charges are reported in units of electrons (e). All calculations were carried out with Gaussian 98 Version A.11.4 (Gaussian, Inc., Pittsburgh PA, 2002). 
RESULTS AND DISCUSSION
Benzopyrylium ion formation
The distinct loss of a halogen observed for many of the compounds in this study occurs via a benzopyrylium intermediate as shown in Scheme 1. Formation of this ion in EI-MS has been observed for cinnamic acid esters, 16˛, -unsaturated esters of propenoic acids and nitriles, 7 cinnamic acids, 8 methyl cinnamates, 17˛-fluorocinnamates 18 and -phenylcinnamic acids. 9 In this mechanism, the trans olefin isomerizes to place the phenyl ring and ester function in a cis configuration. 10 The cis-trans isomerization of double bonds has been shown to be a facile process upon EI. 19 The carbonyl oxygen of the ester is now positioned to assist in the elimination of the halogen from the 2-position of the phenyl ring through the formation of a transitory 2-ethoxybenzopyrylium intermediate. 8 This mechanism is consistent with the fact that skeletal rearrangements are often assisted by the presence of highly unsaturated groups. 19 To further support this mechanism, many of the compounds examined in this study lose 63 Da, ([M] žC -C 2 H 4 -Cl ž ; Scheme 1). This fragment is best explained by chlorine loss and formation of the 2-ethoxybenzopyrylium intermediate, followed by loss of ethene (C 2 H 4 ) to form 2-hydroxybenzopyrylium. It is also possible that compounds follow a concerted mechanism to directly form 2-hydroxybenzopyrylium, as many of the structures examined in this study had high abundance ions because of loss of 63 Da. Table 2 contains EI-MS fragmentation data for four dibenzodioxin esters. The fragmentation of compound 1 is shown in Fig. 2 , displaying the unique loss of chlorine ortho to the propenoic acid ester. Comparison of 2 and 3 with 1 demonstrates that significant loss of chlorine (35/37 Da) occurs only from the 3-position and not from the 7-or 8-positions of the dibenzodioxin ring system. Compound 4 is interesting because, even though it has a chlorine substituent ortho to the propenoate ester, significant loss of exclusively chlorine does not occur. The molecular ion (m/z 418) instead fragments with a loss of 63
Dibenzodioxin esters
Analogs of the right hand side of the dibenzodioxin moiety were used to further probe the fragmentation patterns (shown in the boxed region in Fig. 1 ). Table 3 contains 11 structures that are ethyl esters of substituted 3-phenylpropenoic acids. They differ in the position, type and number of ring halogens and other substituents (e.g. methylenedioxy and methoxy) on the phenyl ring as well as methyl substitution on the olefin between the phenyl ring and the ester functionality. Multiple fragmentation pathways were reported by Schaldach and Grützmacher 8 for substituted cinnamic acids, which depended upon the position of the halogen substitution on the phenyl ring (Scheme 2). Compounds with ortho substitution formed a 2-hydroxybenzopyrylium ion in high abundance (pathway 1), while those with meta or para substitution fragmented through a number of different pathways that could produce the 2-hydroxybenzopyrylium ion in a lower abundance (pathway 1), the halogen-substituted 2-hydroxybenzopyrylium ion (pathway 2), or the halogensubstituted cinnamoylium ion (pathway 3). In this study, the propensity of the fragmentation to proceed via pathway 1, 2 or 3 was examined by varying the halogen substitution as well as the ester moiety. Displacement of a weakly bonded ortho substituent can occur either directly or via a short-lived intermediate. 7 Mass spectra of ortho isomers are therefore more likely to display reduced abundance of the molecular ion ([M] žC ), but exhibit relatively abundant [M X] C peaks (pathway 1). 7 However, in the case of meta or para substituents, additional rearrangement steps are required for cleavage. These extra steps can lead to an increase in the abundance of the [M] žC ion and to a subsequent decrease in the [M X] C peak intensities, 8 which are indicative of whether the fragmentation has proceeded via pathway 1 or via pathways 2 and 3.
Halogenated ethyl substituted 3-phenylpropenoates
The halogen-dependent loss was examined by compounds 5, 10, and 12 containing the substituents, chlorine, bromine and fluorine, respectively in the 2-position of the phenyl ring of ethyl 3-phenylpropenoate. Scheme 2. Fragmentation pathways for the chlorine-substituted ethyl 3-(2-chlorophenyl)propenoate. Pathway 1 is mainly observed for ortho-substituted compounds, whereas Pathways 2 and 3 are for meta-or para-substituted compounds.). a coumarin. We did not observe a coumarin for 3-(2-fluorophenyl)propenoate ethyl ester (m/z 146), which instead fragmented similar to the m-and p-chlorocinnamic acids reported by Schaldach and Grützmacher (pathway 3), 8 producing a peak at m/z 166. This peak was most likely the 2-fluorocinnamic acid ion, which further fragments to form the 2-fluorocinnamoylium ion (m/z 149). This lack of fragmentation is most likely due to the stronger C-F bond energy compared to C-Cl or C-Br. to form their respective base peaks (pathway 1). However, the mass spectrum of 7, in contrast to 4, shows selective chlorine loss from the molecular ion (m/z 278) to give m/z 243 (32.9%) as opposed to 4 for which no selective chlorine loss was observed. The fragmentation of compound 7 is consistent with compound 5 in that the base peak consists of a benzopyrylium ion, which in this case is the dichlorosubstituted 2-hydroxybenzopyrylium cation (pathway 2). This fragmentation pattern is particularly interesting in that the presence of multiple halogen substituents does not interfere with the previously observed fragmentation pathway in which ortho-substituted compounds fragment via pathway 1. Compounds 8 and 9 are structurally related; however, 8 has a single electron-donating methoxy substituent while 9 contains a mixture of electron-donating (para) and electronwithdrawing (meta) groups in the benzo [d] 1,3 dioxole substituent. The benzo [d] 1,3 dioxole ring in 9 provides similar substituent electronic effects as occurs in the dichlorodibenzodioxin in 1. Hence, it is not unexpected that 9 shows significant loss of ortho chlorine from the molecular ion (m/z 254) to give m/z 219 (48.8%). Again, as in the previous structure, there is also loss of 63 Da to provide the base peak at m/z 191 (pathway 1). However, the lack of the electron-withdrawing oxygen in the meta position in 8 did not prevent the loss of chlorine from the molecular ion (m/z 240) to give m/z 205. This observation demonstrated that the mixture of electron-donating and electron-withdrawing oxygens present in the dioxin structure (1-4) were not necessary for the characteristic loss of the chlorine. Similar results were observed with 5, which does not contain an oxygen substituent, and had essentially the same fragmentation pattern as molecules containing either one or two oxygen substituents on the phenyl ring. Both 8 and 9 produced the equivalent substituted benzopyrylium ion as the base peak (m/z 177 and 191, respectively), showing that benzopyrylium ion formation is variable and does not depend upon an unsubstituted phenyl ring.
Structures 13-15 were prepared to investigate whether steric effects, resultant from the replacement of the hydrogens on the olefinic side chain with methyl groups, affected the mass spectral fragmentation. All three structures lost the characteristic ortho chlorine to some extent. Compound 14 (ˇ-methyl) and 15 (˛,ˇ-methyl) had higher abundance ions from loss of 35 Da (ˇ-methyl, 52%;˛,ˇ-methyl 60%) than 13 (˛-methyl, 11%). There are minimal steric effects on chlorine loss. These results agree with those of Madhusudanan et al. 9 who showed that phenyl substitution on the olefin of cinnamic acid (˛-phenylcinnamic acid) also resulted in the phenyl-substituted benzopyrylium ion (m/z 223). 
Other analogs related to ethyl 3-phenylpropenoates
Compounds 16 and 17, which have a nitrile in place of the ester group, contain the chlorine substituent in the 2-and 4-positions, respectively ( Table 4 ). The mass spectra for these two structures were similar, with the molecular ion (m/z 163) losing chlorine to give (m/z 128), which was the base peak for 16 and 97.0% abundant for 17. A similar fragmentation pattern was reported for 1-cyano-2-phenylethylene methyl ester, which also produced the m/z 128 fragment. 7 These nitrile-substituted olefins were the only compounds in this study that exhibited 100% chlorine loss in the para position. Another interesting observation is that compound 17 fragmented less than 16, with similar trends repeated for compounds 18 and 19 as well as 5 and 6. These data consistently show that less fragmentation is observed when chlorine is in the para versus ortho position.
In compounds 18-21, the ester functionality was replaced with a methyl ketone to test if other carbonyls could cause the characteristic halogen loss. It was speculated that the ketone in a substituted 4-phenylbut-3-en-2-one, with an oxygen in a similar sp 2 hybridization as the carbonyl oxygen of the ester, might facilitate the loss of the halogen. Compound 18, with a chlorine substituent located in the 2-position of 4-phenylbut-3-en-2-one, underwent significant loss of 35/37 Da. The loss of 15 Da from the molecular ion (m/z 180) provided an ion at m/z 165 suggesting loss of a methyl group, which is to be expected from a terminal methyl ketone. These data agree with the ester-containing 5, which also lost the 2-chloro fragment. The methyl ketone was, therefore, able to effect the same unique fragmentation as an ester moiety. However, compound 19, which had the chlorine substituent in the 4-position, also lost a significant amount of chlorine unlike 6. Interestingly, 19 exhibited less chlorine loss then 18 (37.6% vs 100% respectively). The phenomenon was further examined with compounds 20 and 21, which contain bromine substituents in the 2-and 3-positions of 4-phenylbut-3-en-2-one. Both compounds selectively lost the bromine constituent (79/81 Da), concurring with that observed for the ester-containing 10, which also lost bromine from the 2-position. The observed amount of halogen loss was similar to compounds 18 and 19, in that halogen substitution in the 2-position resulted in 100% loss (base peak), whereas substitution in the 3-position (21) or 4-position (19) had significantly less halogen loss. All four compounds 18-21 formed the methyl benzopyrylium ion (m/z 145), which was either the base peak or second most abundant peak (pathway 1).
Compounds 22 and 23 contain a 1,3-dioxole substituent and are similar to 9 in structure. However, both of these compounds contain a primary alcohol moiety instead of the ester. C . Neither compound formed the benzopyrylium ion intermediate.
The mass spectra of four additional structures were used in the investigation of the effect of two (24, 25) and one (26, 27) carbon-saturated spacers between the ester and the phenyl ring on the fragmentation pattern. Comparison of the mass spectral data for 24 and 26 again shows that loss of 35/37 Da occurs to a significant extent when the chlorine is in the 2-position of the phenyl ring, but not in the 3-position (compounds 25 and 27). This observation shows that it is possible to have a variable length spacer between the ester and phenyl ring and still achieve chlorine loss. Compound 24 formed the saturated analog of the benzopyrylium ion of compound 5 (m/z 149). Compound 25 fragmented similar to the m-chlorocinnamic acid reported by Schaldach and Grützmacher 8 and 26 formed the benzofuran analog (m/z 135), which had also been previously reported. 21 The mass spectra of 2-and 3-chlorobenzoic acid were downloaded from the National Institute of Standards and Technology (NIST) EI-MS library, and neither one showed selective loss of chlorine. Examination of the acid derivatives of halogendisplacing compounds in this study showed that the acid forms also lost the halogen (data not shown) as had been earlier reported. 8 Therefore, the fact that 2-chlorobenzoic acid did not lose chlorine suggests that compounds lacking at least one carbon spacer are unable to displace the halogen. This observation is most likely due to the ring being sterically unable to form a 4-membered structure. Compound 28 (the methyl ester of 26) shows that the carbonyl of the methyl ester is also efficient at effecting chlorine loss in the 2-position. However, compound 28 did not evidence direct loss of the methyl ester (seen as loss of methanol as was observed with o-hydroxy cinnamic acid methyl esters. 22 These data further support the hypothesis that the loss of halogens, and chlorine in particular, occurs through a concerted mechanism.
The alkane analogs with 1 or 2 carbons between the phenyl ring and ester function both underwent significant halogen loss, indicating that the length of the spacer can be somewhat flexible. These analogs are less rotationally constrained compared to the esters with a trans olefinic linkage and it is not necessary to undergo the initial olefinisomerization step. This observation may be reflected in the relative ion abundances of different fragments. Compounds 29 and 30 are the 2-and 4-chlorine substituted 3-phenyl alkynoate esters, which have nearly identical mass spectra. The molecular ion (m/z 208) loses a 44 Da fragment, suggesting loss of the ester moiety to provide a m/z 163 ion with ¾90% abundance for both the compounds. This fragment does not undergo the characteristic chlorine loss seen for the propenoic and propanoic acid esters (Fig. 3) . Examination of the mass spectrum of ethyl 3-phenylpropiolate from the NIST library showed loss of 45 Da as the base peak, indicating that cleavage of the ester linkage is the major route of fragmentation for these structures. The observation that the 2-chloro substituted alkyne ester does not preferentially lose chlorine is likely related to the sp geometry of the alkyne linkage between the ethyl ester and the phenyl ring. This rigid spacer prevents the carbonyl of the ester moiety from interacting with the halogen in the 2-position (Fig. 3) .
Density functional theory calculations
A particularly interesting observation was the positiondependent loss of chlorine from the different structures examined. Both the chemical moiety attached to the olefin as well as the position of the halogen on the phenyl ring appeared to affect the overall percentage of halogen loss. To further examine this effect, we calculated a number of chemical properties that may be associated with the fragmentation process. These properties include the electronic charge on the atom assumed to be involved in halogen displacement -in most cases the carbonyl oxygen -for both the neutral and cationic forms of the molecule. We also calculated the excess -spin on the relevant atom (for the cationic form) and overall ionization energy of the molecule. These calculations were performed with the halogen (chlorine) in the ortho, meta, and para positions (Table 5 ). There were essentially no differences between charges calculated on the presumed reactive atom as the chlorine position was varied from ortho to meta and para, and only small differences were observed in the excess -spin and ionization energy. This suggests that any differences in halogen displacement for these different isomers are because of nonelectronic effects.
The predicted atomic charges for neutral and cationic forms of the molecules are strongly correlated (R 2 D 1.000) and, therefore, only the cation data are shown in Fig. 4 . In the following analysis, we will assume that the net charge on an atom is indicative of its electrophilicity, and that an atom with a more negative charge is less electrophilic. The net atomic charge of the key atom proposed to be involved in the halogen displacement (usually the oxygen, except for the nitrile-containing compounds 16 and 17) was found to be correlated with both the selectivity and % of halogen displacement. The only compound not capable of effecting chlorine displacement was the primary alcohol, which was the most negatively charged proposed electophilic atom ( 0.71 e), as opposed to the nitrile ( 0.12 e) that effected 100% chlorine loss in both ortho-and para-substituted compounds. Both the unsaturated and saturated ethyl 3-(4-or 3-chlorophenyl)propenoate compounds (6 and 25) did not evidence any chlorine loss as would be expected, given that the halogen was not in the ortho position. However, the ketone (18) contained sufficient electrophilicity to effect some chlorine loss (37%) and the nitrile exhibited 100% loss for para chlorine. Results from these calculations indicate that there is a correlation between the net charge on the presumed halogen-displacing atom and the loss of chlorine, and therefore provide support for the proposed electrophilic mechanism for the formation of the benzopyrylium ion.
CONCLUSIONS
The observation of an interesting mass spectral fragmentation with loss of 35/37 Da for substituted ortho-chlorinated dibenzodioxin propenoate esters lead to an exploration of the structural fragmentation requisites using a series of substituted ethyl 3-(substituted phenyl)propenoates. A proposed mechanism, based upon previous studies, suggests that an ester moiety linked to a phenyl ring facilitates halogen loss from the 2-position. With respect to halogen substitution, chlorine and bromine, but not fluorine (substituents on phenyl) in the 2-position are lost. Methyl substituents on the olefin of ethyl 3-(2-chlorophenyl)propenoate did not preclude chlorine loss. Saturation of ethyl 3-(2-chloropheny)propenoate to give ethyl 3-(2-chloropheny)propanoate also resulted in preferential ortho chlorine loss. In addition, reduction in the spacer length between the ester and phenyl ring to form ethyl 2-chlorophenyl acetate also provided the characteristic chlorine loss. Positioning of the halogens in the 3-or 4-position of the phenyl ring resulted in other fragmentations, such as cleavage of the ester with a loss of 45 Da. The replacement of the ester moiety in ethyl 3-(2-chlorophenyl)propenoate with a methyl ketone, but not a primary alcohol, also resulted in selective chlorine loss. The substitution of a nitrile for the ester moiety resulted in isomer nonspecific chlorine loss in both the 2-and 4-positions of the phenyl ring. Finally, ethyl (2-chlorophenyl)propynoate did not lose chlorine, indicating that the rigid alkyne spacer with sp bond geometry between the phenyl ring and the ester prevents the ester-facilitated loss of chlorine from the 2-positon of the phenyl ring. These results suggested that geometric constraints are important because rigid sp-hybridized groups are too inflexible to allow the carbonyl oxygen to be in the required position to effect the loss of the halogen. However, these data show that the selective chlorine loss from the 2-position of the phenyl ring is only achieved by the ester moiety and that other sp 2 hybridized atoms or moieties in the spacer are unable to effect the chlorine loss.
Further work could examine the effects of increased spacer length and ring saturation upon halogen loss. The increased electrophilicity of the cation involved in halogen displacement resulted in decreased selectivity of halogen loss (in terms of ortho versus meta or para) and increased percentage of halogen loss. Examination of the structural requirements for the preferential loss of a phenyl ring halogen ortho to a variable spacer arm showed that this process can only be selectively achieved by an ester moiety. Results showed that a number of different chemical moieties were capable of effecting the intramolecular radical substitution to form a substituted benzopyrylium ion. These observations greatly expand earlier studies that had focused on only esters and acids. The correlations between cation charge (electrophilicity) and selectivity of halogen loss were very strong, providing support for the proposed intramolecular radical substitution.
